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Quantum theory predicts that, for qubits, there is a symmetric measurement with four out-
comes whose statistics are sufficient to reconstruct any quantum state. A fundamental challenge is
demonstrating in a device-independent way that such a “standard quantum measurement” exists in
nature. That is, proving that a four-outcome measurement corresponds to a symmetric, informa-
tionally complete, positive operator-valued measure (SIC-POVM), without relying on any modelling
of the devices, but using the observed correlations between the outcomes of the measurement and
the outcomes of measurements performed on a separated quantum system in a Bell inequality ex-
periment. Here we present the first experimental device-independent confirmation of a standard
quantum measurement for qubits in an experiment on entangled photon pairs.
Introduction.—A symmetric, informationally com-
plete, positive operator-valued measure (SIC-POVM) [1]
is a quantum measurement on a d-dimensional quantum
system with the following properties: (i) its statistics de-
termine completely any quantum state; that is, the mea-
surement is “informationally complete,” (ii) it has only
d2 outcomes, which is the minimum number of outcomes
a measurement should have to be informationally com-
plete [2], and (iii) all the pairwise inner products be-
tween its POVM elements are equal, so the measure-
ment is “symmetric.” SIC-POVMs are fundamental in
quantum information and foundations of quantum the-
ory. For example, SIC-POVMs are crucial for optimal
quantum state tomography [3, 4], quantum key distribu-
tion with optimal trade-off between security and key rate
[5], device-independent certification of optimal random-
ness from one bit of entanglement [6, 7], and information-
based interpretations and operational reconstructions of
quantum theory [8]. In addition, SIC-POVMs allow for
a criterion for entanglement detection that is stronger
than the computable cross-norm or realignment criterion
based on local orthogonal observables [9]. In fact, it has
been argued that SIC-POVMs should be considered the
“standard quantum measurements” in quantum informa-
tion (see, e.g., [8]). SIC-POVMs are also connected with
finite geometry [10] and algebraic number theory [11]. In
fact, their existence has only been proven in some dimen-
sions, either with exact or numerical solutions (see [11]
and references therein).
Experimentally, photonic experiments of qubit [12] and
qutrit [13, 14] tomography, and quantum key distribu-
tion [12] have aimed for SIC-POVMs. However, these
experiments rely on specific models for parts of the ex-
perimental setups and do not allow us to test whether
the target measurements are truly SIC-POVMs in a “de-
vice independent” (DI) way [6, 7, 15–17], that is, without
relying on any modelling of the devices. A fundamental
challenge, therefore, is overcoming this restriction and
demonstrating the realizability of SIC-POVMs in a DI
way. This requires performing a measurement which is
supposedly a SIC-POVM on a physical system that is en-
tangled with a distant one, and observing correlations be-
tween the separated systems that are impossible to attain
unless a SIC-POVM is used. For d = 2, such a device-
independent certification is related to the challenge of
experimentally observing “qubit correlations, which can
only be explained by four-outcome non-projective mea-
surements” [17]. Observing such correlations would im-
ply that we are experimentally realizing the most re-
fined measurements of quantum theory, as information-
ally complete irreducibly four-outcome measurement are
the most general measurements one can perform on a
qubit [2]. So far, however, there is only experimental ev-
idence of qubit measurements that cannot be explained
by two-outcome measurements [17].
The aim of this Letter is to present the first exper-
imental test of a qubit SIC-POVM in a DI spirit and
report the observation, for the first time, of “qubit cor-
relations, which can only be explained by four-outcome
non-projective measurements.”
Method for certifying an irreducible four-outcome
POVM.—To certify a four-outcome POVM in a DI way,
we use the bipartite Bell scenario shown in Fig. 1. There,
in the middle, there is a source emitting pairs of par-
ticles. One of the particles is measured by one party,
Alice, and the other particle is measured by the other
party, Bob. Alice chooses her measurement from a set
of four measurements: three two-outcome measurements
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2FIG. 1. The scenario considered in our experiment consists of
two parties, Alice and Bob, who perform local measurements
on maximally entangled pairs of qubits. See further details in
the text.
Ax, with x ∈ {1, 2, 3}, and one four-outcome measure-
ment A4. Bob chooses his measurement from a set of
four two-outcome measurements By, with y ∈ {1, 2, 3, 4}.
The possible outcomes of the two-outcome measurements
are +1 and −1, and the possible outcomes of the four-
outcome measurements are 1, 2, 3, and 4. The outcomes
of Ax and By are denoted by a and b, respectively. From
the experimental results, we obtain the set of conditional
probabilities {P (a, b|x, y)}.
In our experiment, we are interested in the conditional
probabilities appearing in the following Bell inequality
introduced in Ref. [6]:
βmel = βel − k
4∑
i=1
P (a = i, b = +1|x = 4, y = i), (1)
where βel is the Bell operator of the so-called “elegant
Bell inequality” [6, 7, 18], namely,
βel = E11 + E12 − E13 − E14 + E21 − E22
+ E23 − E24 + E31 − E32 − E33 + E34,
(2)
where Eij =
∑
a,b abP (a, b|i, j). For local hidden vari-
able theories, βel is upper-bounded by 6. In contrast, in
quantum theory βel is upper-bounded by 4
√
3 ≈ 6.928.
The quantum maximum can be achieved with pairs of
qubits in state |Φ+〉 = 1√
2
(|00〉+ |11〉) and the following
projective measurements:
A1 = σx, B1 =
1√
3
(σx − σy + σz),
A2 = σy, B2 =
1√
3
(σx + σy − σz),
A3 = σz, B3 =
1√
3
(−σx − σy − σz),
B4 =
1√
3
(−σx + σy + σz),
(3)
where σi are the Pauli matrices.
According to quantum theory, our target Bell opera-
tor βmel is also upper-bounded by 4
√
3. This quantum
maximum can be attained with state |Φ+〉 and the mea-
surements in Eq. (3). However, in this case, the sec-
ond term in Eq. (1) is zero if and only if A4 is a qubit
SIC-POVM whose elements are anti-aligned with Bob’s
measurements By in Eq. (3). That is, if A4 is the four-
outcome POVM, defined by the following elements:
A4,1 =
1
2
(
α −β(1 + i)
β(−1 + i) 1− α
)
,
A4,2 =
1
2
(
1− α β(−1 + i)
−β(1 + i) α
)
,
A4,3 =
1
2
(
1− α β(1− i)
β(1 + i) α
)
,
A4,4 =
1
2
(
α β(1 + i)
β(1− i) 1− α
)
,
(4)
where α = 3−
√
3
6 and β =
√
3
6 . In this case, the extremes
of the four unit vectors associated to the elements of A4
define a regular tetrahedron within the Bloch sphere.
Any measurement different than the one defined in
Eq. (4) will produce a smaller value for βmel . We can
use this property to test whether a genuine four-outcome
POVM has indeed been realized in the experiment, by
computing the maximum of βmel that can be obtained us-
ing three-outcome measurements. In order to do this, let
us consider the following generalization of βmel :
3∑
x=1
4∑
y=1
γxyExy − k
4∑
y=1
4∑
a=1
∑
b=±1
γbxyP (a, b|4, y). (5)
We compute the maximum value of Eq. (5) that can be
obtained using three-outcome measurements. That is,
the maximum value of
max
j=1,2,3,4
[
3∑
x=1
4∑
y=1
γxyExy
−k
4∑
y=1
∑
a6=j
∑
b=±1
γbxyP (a, b|4, y)
 . (6)
The larger the gap between the experimental value of
Eq. (5) and the maximum possible value of Eq. (6), the
more confident we can be that indeed a genuine four-
outcome POVM has been performed.
Experimental setup.—In order to achieve very high vis-
ibility, a type-I spontaneous parametric down-conversion
source is used to generate entangled photon pairs in state
|Φ+〉 = 1/√2(|HH〉 + |V V 〉), where H and V denote
horizontal and vertical polarization, respectively. Pairs
of entangled photons at 780 nm are produced in two
orthogonally oriented 2 mm thick beta barium borate
(BBO) crystals, pumped with a femto-second laser at
390 nm. As shown in Fig. 2, these photons go through
1 nm spectral bandpass filters (SF), and are then cou-
pled into single-mode fibers (SMF) to have perfect spatial
3mode overlap between the two polarizations. These SMFs
then bring the photons to Alice’s and Bob’s measure-
ment stations. Whenever projective measurements are
performed on both sides (i.e., whenever x ∈ {1, 2, 3} and
y ∈ {1, 2, 3, 4}), the two measurement stations are iden-
tically composed by a lambda-half wave plate (HWP),
a lambda-quarter wave plate (QWP), and a polarization
beam-splitter (PBS). Multi-mode fibers (MMF) finally
collect the photons at the four outcomes and bring them
to the single-photon avalanche photodiodes (APDs). In
addition, Bob’s station includes a phase plate (PP).
In order to implement the four-outcome POVM, Al-
ice’s measurement station couples the two-dimensional
polarization space with a counter-propagating two-path
Sagnac interferometer, which makes transformations in
an effectively four-dimensional space possible using two
HWPs [17]. At the two outputs of the interferometer,
PPs and HWPs are used in combination with PBSs to
perform the POVM. MMFs connected to APDs again
gather photons at the four outcomes. Detection count-
ing is performed with a coincidence unit (CU) using 1.6 ns
coincidence windows.
A two-photon rate of about 150 coincidences per sec-
ond was maintained throughout the experiment. Each
measurement setting lasted 30 seconds, and all measure-
ments were repeated a total of 23 times. This was done in
order to decrease the repeatability error of the motorized
wave plate mounts.
Certifying an irreducible four-outcome POVM.
Results.—The maximization of Eq. (6) for fixed coef-
ficients γxy and γbxy should be made over the set of
probabilities allowed by quantum theory. To obtain
an upper bound on its value, we use the semi-definite
programming method of Navascués, Pironio, and
Acín (NPA) [19] implemented in the Python package
Ncpol2spda [20].
To identify the values of γxy and γbxy that provide the
largest gap between the experimental value of (5) and the
maximum possible value of (6), we performed a series of
numerical optimizations using the Nelder-Mead method
[21], with target function defined as the difference be-
tween experimental value of (5) and a bound of (6), with
variable coefficients γxy and γbxy and fixed values of k.
As a result, we obtained the following Bell operator:
0.9541E11 + 0.9917E12 − 0.9767E13 − 1.0064E14
+ 0.9514E21 − 0.9921E22 + 0.8211E23 − 1.0237E24
+ 1.0641E31 − 1.0044E32 − 1.0579E33 + 1.1563E34
− 3[1.2068P (1, 1|4, 1)− 0.0374P (1, 2|4, 1)− 0.0034P (2, 1|4, 1) + 0.0140P (2, 2|4, 1)
+ 0.0006P (3, 1|4, 1) + 0.0268P (3, 2|4, 1)− 0.0163P (4, 1|4, 1)− 0.0155P (4, 2|4, 1)
− 0.0033P (1, 1|4, 2) + 0.0184P (1, 2|4, 2) + 1.1156P (2, 1|4, 2)− 0.0046P (2, 2|4, 2)
− 0.0125P (3, 1|4, 2) + 0.0401P (3, 2|4, 2)− 0.0175P (4, 1|4, 2)− 0.0240P (4, 2|4, 2)
− 0.0108P (1, 1|4, 3) + 0.0153P (1, 2|4, 3)− 0.1195P (2, 1|4, 3) + 0.1752P (2, 2|4, 3)
+ 0.6201P (3, 1|4, 3) + 0.0149P (3, 2|4, 3)− 0.0399P (4, 1|4, 3) + 0.0527P (4, 2|4, 3)
+ 0.0058P (1, 1|4, 4)− 0.0149P (1, 2|4, 4) + 0.0025P (2, 1|4, 4) + 0.0205P (2, 2|4, 4)
+ 0.0150P (3, 1|4, 4) + 0.0212P (3, 2|4, 4) + 0.9565P (4, 1|4, 4)− 0.0023P (4, 2|4, 4)].
(7)
The upper bound on the maximum possible value of the
Bell operator in Eq. (7), obtained using the third level of
the NPA method, is 6.9883. The third level of the NPA
method upper-bounds Eq. (6), with the coefficients γxy
and γbxy from Eq. (7), at 6.8782 in case of three-outcome
measurements, whereas the obtained experimental value
is 6.960 ± 0.007. Therefore, the experimental result vio-
lates the three-outcome bound by more than 11 standard
deviations, certifying that Alice’s A4 measurement was
indeed an irreducible four-outcome measurement, under
the assumption that the system at Alice’s laboratory is
a qubit. Similarly to Ref. [17], we justify such assump-
tion by two types of arguments. On the one hand, in the
experimental setup, we removed any hypothetical entan-
glement between other degrees of freedom different than
polarization by using SMFs and narrow SFs, in order to
avoid compromising the quality of entanglement in po-
larization. Moreover, we tested the quality of the po-
larization entanglement by performing a complete nine-
measurement state tomography of the Alice-Bob system.
The tomography of the joint state is shown in Fig. 3.
The experimental fidelity with state |Φ+〉 was near opti-
mal at (99.6 ± 0.1)%. On the other hand, we tested the
assertion of Alice’s system being a qubit in a DI way, by
measuring the value of the Bell operator of the elegant
Bell inequality given by Eq. (2). If this value equals the
quantum bound, then the joint state has to be a maxi-
mally entangled qubit-qubit state [6, 7]. Experimentally,
we obtained βel = 6.909 ± 0.007, which corresponds to
99.7% of the quantum bound and is less than three stan-
4FIG. 2. Experimental setup. The following components are used: a beta-barium borate non-linear crystal (BBO), 3 nm narrow
spectral filters (SF), single-mode optical fibers (SMF), phase plates (PP), lambda-half wave plates (HWP), lambda-quarter
wave plates (QWP), polarizing beam splitters (PBS), multi-mode optical fibers (MMF), and single-photon detectors (DET).
FIG. 3. Tomography of the prepared maximally entangled
state. Real (left) and imaginary (right) parts.
dard deviations away from it.
Testing the tomographic capabilities of the SIC-
POVM.—In order to test the tomographic capabilities
of our certified four-outcome POVM vs the standard to-
mographic methods based on projective measurements,
we reconstructed eight different Alice’s local qubit states
(those naturally occurring in our Bell scenario when we
condition Alice’s state to Bob’s measurements and re-
sults) using two different methods. Firstly, a standard
tomographic analysis from the experimental statistics of
three projective measurements (in our case, A1, A2, and
A3; that is, σx, σy, and σz). Secondly, using only the ex-
perimental statistics of our single four-outcome measure-
ment. The resulting reconstructed local states should
be identical in both methods and, ideally, must point
to the corners of a regular tetrahedron in the Bloch
sphere. Of course, while the standard projective method
requires three measurements, the method based on the
SIC-POVM only needs a single measurement, therefore
being significantly superior.
To reconstruct the qubit states with projective mea-
Setting Theory Experiment
E11 1/
√
3 ≈ 0.577 0.596± 0.002
E12 0.577 0.570± 0.002
E13 −0.577 −0.579± 0.002
E14 −0.577 −0.587± 0.002
E21 0.577 0.570± 0.002
E22 −0.577 −0.630± 0.002
E23 0.577 0.575± 0.002
E24 −0.577 −0.536± 0.002
E31 0.577 0.557± 0.002
E32 −0.577 −0.549± 0.002
E33 −0.577 −0.575± 0.002
E34 0.577 0.571± 0.002
βel 4
√
3 ≈ 6.928 6.894± 0.007
TABLE I. Experimental values for the combinations of set-
tings needed to test the elegant Bell inequality.
surements we used simple linear inversion from experi-
mental frequencies [22], plus normalization. In the SIC-
POVM case, we similarly derived each (non-normalized)
unknown Bloch vector ~s as
~s = 3
4∑
j=1
fj ~Aj , (8)
where each ~Aj is one of the four elements of the SIC-
POVM set, and fj is its corresponding measured fre-
quency [4]. The results of both methods are presented
in Fig. 4.
The fidelity between corresponding vectors was in all
eight cases above 99.5%, indicating that the two tomo-
graphic methods yielded remarkably overlapping results,
5P (a = i, b = +1|x = 4, y = i) Theory Experiment
P (1,+1|4, 1) 0 0.0021± 0.0001
P (2,+1|4, 2) 0 0.0020± 0.0001
P (3,+1|4, 3) 0 0.0025± 0.0001
P (4,+1|4, 4) 0 0.0025± 0.0001
Sum 0 0.0091± 0.0002
TABLE II. Experimental values for the probabilities of the
outcomes of the SIC-POVM that are more relevant to the DI
certification protocol [see Eq. (1)].
FIG. 4. Reconstruction of eight Alice’s local qubit states, con-
ditioned on Bob’s setting and outcome, as obtained from stan-
dard projective tomography (left) and SIC-POVM tomogra-
phy (right).
and the four-outcome POVM is effectively information-
ally complete and symmetric. See Supplemental Material
for further details.
All the experimental uncertainties reported were calcu-
lated with a priori evaluation of known sources of error,
and subsequent propagation in the results. The sources
of errors included in our analysis were: photon counting
statistics, precision of wave plate rotation, detector dark
counts. and higher order down-conversion events. See
Supplemental Material for further details.
Conclusions.—Both SIC-POVMs measurements and
device-independent certification are arguably among the
most refined concepts produced by the quantum informa-
tion revolution. The experimental challenge was combin-
ing both concepts and observe correlations on a qubit-
qubit system which can only be produced by a four-
outcome POVM whose statistics are sufficient to recon-
struct any quantum state. Our results confirm the phys-
ical realizability of these abstract and powerful tools of
quantum information and pave the way towards new ap-
plications and the observation of similar extreme quan-
tum correlations in higher-dimensional quantum systems.
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7Supplemental material
Tomographic reconstruction of eight Alice’s local states
In Table III we report the eight qubit states, in Bloch vector notation, reconstructed using both standard projective
tomography (σx, σy, σz), and with single-setting SIC-POVM tomography. These states are the local states of Alice’s
qubit, conditioned on Bob’s measurement settings and outcomes. The pairwise fidelity is also reported.
Projective tomography SIC-POVM tomography Fidelity(
0.561 0.601 0.570
) (
0.544 0.508 0.668
)
0.995(
0.570 −0.589 −0.574) (0.506 −0.681 −0.530) 0.996(−0.572 0.525 −0.630) (−0.572 0.525 −0.630) 0.997(−0.551 −0.590 0.591) (−0.526 −0.695 0.490) 0.995(−0.548 −0.581 −0.601) (−0.518 −0.574 −0.634) 0.999(−0.577 0.611 0.541) (−0.658 0.586 0.474) 0.997(
0.588 −0.532 0.610) (0.560 −0.603 0.569) 0.998(
0.540 0.573 −0.616) (0.480 0.570 −0.667) 0.998
TABLE III. Tomographic reconstruction of the states depicted in Fig. 4, using both projective and SIC-POVM tomography,
and their pairwise fidelities.
Error estimation
Here we provide a more comprehensive description of the errors considered in the experiment.
Counting statistics.—Whenever (coincident) events with a constant rate are counted for some amount of time, the
distribution of the final amount is in very good approximation Poissonian. We therefore considered all our empirical
counts to have an uncertainty equal to their square root, and propagated it in the results. This is, by far, the
predominant contribution to the final uncertainties in our experiment, giving errors of the order of 2 · 10−3 and 10−4
on each Eab and P (a = i, b = +1|x = 4, y = i) term, respectively.
Motor precision.—All measurement wave plates were rotated by motorized mounts controlled by a computer. The
step motors have a precision equivalent to 0.02◦. This results in errors of the same order of the Poissonian ones.
In order to reduce their contribution, each setting was repeated 23 times, therefore decreasing the uncertainties by
almost a factor of 5.
Detector dark counts.—Each of the single photon detectors used in the measurements have dark count rates of
about 500 detections per second. The chances of a coincident event stemming from a true detection and a dark count,
with the rates used, was as low as 10−11, thus negligible.
Higher order down-conversion events.—The rate of accidental coincidences acm,ij coming from multiple down-
conversion events in a single pulse, for measurement setting m and detectors (i, j), can be estimated with the formula
acm,ij =
Sm,iSm,j∆t
T
, (9)
where Sm,k are the total (single) events on detector k during measurement time T , when coincidence windows of
length ∆t are used. While the resulting rates are fairly minimal (of the order of 10−3 events per second), they can
still worsen, although slightly, the results obtained. Since the DI certification protocol can, in principle, work even
if the state and measurements are not characterized, we chose not to correct our evaluations for this type of error.
However, the full state tomography, and derived fidelity of 99.6%, took accidental counts in consideration in order to
obtain a fairer estimation of our two-qubit state.
